ABSTRACT Sequences homologous to the oncogene sequences of acute RNA tumor viruses have been shown to be highly conserved within vertebrates. In the present work, eight different oncogene DNA sequences have been used as probes to search for homologous sequences in the DNA of organisms of other phyla. Five of these probes hybridized to the DNA ofDrosophila melanogaster. Abelson leukemia virus probe detected a single homologous DNA fragment in Drosphila DNA. In contrast, probes prepared from the genomes of Harvey, avian, and feline sarcoma viruses and avian myelocytomatosis virus hybridized with multiple homologous sequences in Drosophila DNA. The identification of sequences homologous to vertebrate oncogenes in invertebrates demonstrates both a high degree of conservation of these genes and a wide distribution among divergent species. It seems likely that sequences homologous to vertebrate oncogenes play a crucial role in metazoan metabolism.
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The acutely oncogenic retroviruses constitute a class of [15] [16] [17] [18] [19] [20] virus types that are able to induce rapidly a variety ofleukemias and sarcomas in appropriate hosts (1) (2) (3) . These strains arose upon passage of slowly leukemogenic viruses through rodents, cats, and chickens. The new viruses that emerged differ from the original, slowly leukemogenic parent viruses in two respects. First, most of these viruses lack portions of the genetic information of the parental virus and, hence, have become defective in replication. Second, in place of the deleted genetic sequences, these viruses have acquired new genetic information which has, in many cases, been identified as being responsible for their acutely oncogenic properties (1) (2) (3) (4) (5) (6) (7) (8) (9) .
The source of the new genetic information has been traced in many instances to the genome of the host animal through which the parent virus was originally passed (4) (5) (6) (9) (10) (11) (12) (13) (14) . Thus, each of the transforming genes that have been acquired by the virus can be associated with a counterpart sequence in the genome of the host. These transforming genes have been termed "oncogenes," whereas their normal cellular counterparts have been referred to as "proto-oncogenes" (6) .
In one well-studied case, it has been shown that the protein encoded by the proto-oncogene appears similar to the induced oncogene protein (14) (15) (16) . Such a result raises questions regarding the mechanism oftransformation by oncogenes and the role of their gene products in normal cellular metabolism. One possibility is that the association ofthe proto-oncogene with the genome of a retrovirus results in transformation due to higher levels of expression of the gene (14) (15) (16) (17) (18) (19) (20) . It remains possible as well that changes in structural sequences of the proto-oncogenes give rise to transforming capacity in the resulting oncogene.
A variety of observations have shown that DNA and protein sequences of some well-characterized proto-oncogenes are highly conserved within vertebrates (4, 5, 14, 15, 21) . Therefore, it appears that proto-oncogenes, like many other cellular genes, fulfill functions that are essential in vertebrates at the level of cellular metabolism or tissue differentiation. A clue to the function of proto-oncogenes was provided by experiments showing that the products of certain proto-oncogenes may interact with one another in a cascade pathway ofprotein kinases (22, 23) , whose function may be related to regulation ofcellular energy metabolism.
We wished to get a broader view of the evolution of protooncogenes by looking for the most primitive organism in which these genes could be detected. The presence of these genes in organisms very dissimilar from vertebrates would suggest a role of these genes in cellular metabolism rather than in vertebratespecific tissue differentiation. Moreover, the genetic systems of these less complex organisms could be exploited to gain new insights into the function of proto-oncogenes. (24) . The nitrocellulose filters to which DNA was bound were prehybridized for 3-6 hr at 40'C in 35% (vol/vol) formamide/0.75 M NaCl/75 mM sodium citrate/65 mM KH2PO4/5 mM EDTA/0.1% polyvinyl pyrrolidone/0.1% Ficoll/1% bovine serum albumin containing 500 pug of boiled salmon sperm DNA per ml. Hybridization was done at 40'C for 12-24 hr in 35% formamide/0.75 M NaCl/75 mM sodium citrate/65 mM KH2PO4/5 mM EDTA/0.02% polyvinyl pyrrolidone/0.02% Ficoll/0.2% bovine serum albumin containing 100 gg ofsalmon sperm DNA per ml, 10% (wt/vol) Dextran sulfate, and nick translated, 32P-labeled probe (25) (5 x 106 cpm; specific activity of about 1 x 108 cpm of DNA per ,g). After hybridization, the filters were washed in 0.30 M NaCl/30 mM sodium citrate/26 mM KH2POJ1 mM EDTA/0.1% NaDod-S04. Initially the filters were washed at 55°C and then exposed to x-ray film. The filter was then incubated in a wash solution held at 60°C and reexposed to film. The filter was then rewashed at 68°C and exposed a final time to x-ray film. The filters were washed each time for 1-2 hr in 0.30 M NaCl/30 mM sodium citrate/26 mM KH2PO41 mM EDTA/0. 1% NaDodSO4.
MATERIALS AND METHODS
In general, the background noise disappeared after washes at the higher temperatures, whereas the specific hybridization signals were not significantly reduced.
RESULTS
We wished to use retrovirus-derived onc probes to search for homologous sequences in the DNA of a variety of species using the Southern blot procedure (24) (Fig.  1) . The single band that appeared after BamHI digestion corresponds to a DNA fragment of only 2 kbp, even though the probe contained 3 kbp of Abelson oncogene sequences. Thus, it is likely that only a portion of the Abelson virus oncogene is conserved in Drosophila DNA. However, within the sequences that are conserved, the degree of mismatch to the probe is limited because hybridization could be readily detected even after a subsequent high-temperature wash of the filter. The Abelson proto-oncogene in mice is highly spliced and has a size ofat least 30 kilobase (kb) (26) . The homologous gene in Drosophila is either unspliced or contains only small introns.
In contrast to the Abelson virus probe, the probes prepared from HaSV, MC29, ASV, and FeSV detected multiple DNA fragments in Drosophila DNA (Figs. 2, 3) . The number ofbands that appeared varied from 3 to 10, depending upon the probe and restriction enzyme used. Because the oncogene sequence in each ofthese four probes is less than 1.5 kbp, the multiplicity of bands cannot be accounted for solely by cleavage of a single stretch of homologous sequence into several DNA fragments. Rather, each one of these four oncogene probes appears to detect a family of genes present in Drosophila DNA. The pattern of the bands is different for each probe, indicating that these four different gene families are distinct from one another. Within a given gene family, differences in the intensity of hybridization are observed. For example, an EcoRI digest ofDrosophila DNA was probed with a 450-bp HaSV-specific sequence, and three bands were resolved (Fig. 2) . A fragment of 6 kbp annealed intensely. An intermediate degree of hybridization to a fragment of 9 kbp was detected, and faint hybridization appeared with a DNA fragment of5 kbp. The differences in intensity are likely to be a reflection of the degree of divergence of the different members of the family from the mammalian oncogene sequence. The intensity of the darker bands in Drosophila DNA was greater than that of the major band a bc d e 9. (Fig. 3) , and no hybridization to the FeSV probe was observed. Sea urchin DNA demonstrated only faint hybridization to the Abelson virus probe (data not shown) and no hybridization to the other probes. The failure to detect sequences in sea urchin is likely a consequence of its genomic complexity, which is 1 order of magnitude higher than that of Drosophila DNA. This reduces the number of genome equivalents that can be applied to the gel and, consequently, lowers the intensity of the signal observable upon which appeared in mouse DNA (Fig. 2) , E was derived from rat DNA. This is due Drosophila gene is at a 10-fold higher co channel because of the lower complexi genome.
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Biochemistry: Shilo and Weinberg complexity of the sea urchin genome. Nevertheless, it may be possible to study the oncogene homologs of organisms having high genomic complexity by isolating these genes in the form of molecular clones from phage vector libraries. Such isolation would make possible a detailed study ofthese sequences whose role as functional genes is at present only speculative. Thus, the spectrum of organisms in which proto-oncogene structure and function could be studied would be significantly broadened.
